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Abstract 
Studies pertaining to earthquakes began only around the 17th century and those related to their effects on structures began even 
later in the 19th century. Hence structures made during or prior to this period are often not designed for seismic forces. India has 
many historical structures that were constructed long before the codes for seismic resistant design came in practice and, in many 
regions the seismic activities too have changed over time. It is therefore necessary that these monuments are analysed for safety 
during seismic activity. This paper aims to analyse the probable failure patterns of a composite dam about 120 years old using 
time history analysis. 2D modelling and analysis has been carried out using ANSYS14.0 to estimate stresses in the dam for three 
time histories with varying PGA values. Stress results show that failure of weaker materials at joints may cause internal crack 
formation in the dam. 
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1. Introduction 
The dam considered in the present case is a singular dam made up of un-coursed rubble masonry, lime surkhi 
concrete and reinforced concrete. Dams are checked for failure due to overturning and sliding, however a dam may 
also fail due to failure of its materials, i.e. the compressive stresses produced may exceed the allowable stresses, and 
the material may get crushed. Cracking may also occur in masonry and concrete gravity dams which are usually 
designed for zero tension, because these materials cannot withstand sustained tensile stresses. Loading conditions 
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including gravity, hydrostatic, uplift, hydrodynamic forces and seismic loading have been taken to obtain the 
maximum stresses at various significant locations in the dam.  Failure of dams is primarily analysed for overturning, 
sliding, tensile and compressive failure. In case of dams made up of multiple materials, there is a possibility of 
internal failure due to failure in the weaker material. In such a case, no external signs of damage may be visible. The 
aim of this paper is to identify the possibility of occurrence of such a failure. The dam considered here is made up of 
three materials and has been described subsequently. Aging may also lead to deterioration of material strength. This 
study involves linear analysis for static and dynamic (seismic) load cases. The failure zones and patterns have been 
identified for three time histories with different PGA values. 
 
2. Characteristics of Dam 
2.1 General 
A 120 year old dam has been considered for analysis. It is a gravity dam having a back and front facing of 
uncoursed rubble masonry in lime surkhi mortar, a core of lime surkhi concrete and an additional reinforced concrete 
backing added for strengthening at a later stage.  Fig. 1 shows the cross section of the dam [1]. Basic features of the 
dam are as listed in Table 1. 
 
Table 1.Basic features of dam 
Type of dam Gravity 
Age 120 yrs. 
Height 52.66m 
Length 365.85m 
Crest width 2.6m 
Base width 42.2m 
Maximum Water Depth 42.291m 
Materials Rubble masonry in lime surkhi mortar facing, lime surkhi concrete 
core, Reinforced concrete backing added later for strengthening. 
Fig. 1. Cross section of dam 
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2.2 Material properties 
The materials used in construction are archaic and obsolete. The material properties used in this study are from 
old tests and significant deterioration is likely to have occurred since. Table 2 lists the modulus of elasticity, 
Poisson’s ratio and density values of each of the three constituting material that have been assumed for the analysis. 
A mass less foundation has been considered in order to incorporate the foundation structure interaction.   
 
Table 2. Material properties 
Material E (N/m2 x 1010 ) ν ρ (t/m3 ) 
R.R. masonry in lime surkhi mortar 1.076 0.15 2.163 
Lime surkhi concrete 0.978 0.15 2.224 
Reinforced concrete 2.446 0.15 2.400 
Foundation 2.240 0.33 2.639 
 
2.3 Permissible stresses 
The permissible stresses have been considered differently for static and dynamic cases. The permissible stress for 
static tensile loading has been taken as 10% of the compressive strength and that for seismic loading has been taken 
as [2]also stated in Eqn. (1): 
ct ff 3/26925.2      (1) 
Where, 
ft = apparent ultimate tensile strength (in psi) 
fc = ultimate compressive strength (in psi) 
The permissible stress values for each material are as shown in Table 3.  
 
Table 3. Permissible stresses 
Material Static tensile strength (N/mm2) 
Ultimate Apparent seismic tensile 
strength (N/mm2) 
R.R. masonry in lime surkhi mortar 3.92 0.78 
Lime surkhi concrete 3.5 0.70 
Reinforced concrete 15 3.00 
 
3. Mathematical Idealization  
A 2D analysis of a non-overflow section of the dam has been carried out. ANSYS 14 has been used for modelling 
and analysis. PLANE 183 element has been used. It is a higher order 2D, 8 or 6 node element that is capable of 
forming irregular meshes and includes quadratic displacement behaviour. Each node of the element has two degrees 
of freedom viz. translations along X and Y directions. The element is compatible with plane stress, plain strain as 
well as axisymmetric behaviour. The element also supports plasticity, stress stiffening, hyper elasticity, large 
deflections and strains. Initial stress conditions are also applicable if required.  
  
The dam has been modelled with foundation. The foundation has been assumed to extend 50m (approximately 
equal to base width) on either side and up to a depth of 75m (nearly 1.5 times the height of the dam). Figure 2 shows 
the element plot of the model.  
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Fig. 2. Element plot of model 
4. Load Conditions 
Loads have been applied as per IS: 1893-1984 [3] and IS: 1983-2002 [4] recommendations. Time history for 
seismic analysis was generated as a spectrum compatible time history. The response spectrum used was as per code 
recommendations. 
 
4.1 Gravity 
Self-weight of each material has been considered by specifying respective densities. An acceleration field of 
9.81m/s2 was applied. 
 
4.2 Hydrostatic Loads 
The weight of the reservoir water should be applied as hydrostatic pressure as triangular load distribution on both 
faces (upstream and downstream) of the dam. In this analysis, no tail water has been assumed. On the upstream face, 
pressure for a water height of 41.41m has been taken. This force has been applied as a surface load. The maximum 
hydrostatic pressure acting at base (γh) is 406232N/m.  
 
4.3 Uplift Forces 
The uplift pressure on the upstream end of the base (i.e. at the heel) taken as γh is 406232N/m where h is the 
depth of water at the upstream, reducing to zero at the toe as no tail water is assumed. 
 
4.4 Hydrodynamic forces  
The hydrodynamic forces calculated as per IS: 1893-1984 have been applied as equivalent point loads on nodes 
on the upstream face of the dam for a water depth of 41.41m. Figure 3 shows the hydrodynamic forces applied. 
 
4.5 Earthquake loading 
Transient dynamic analysis has been performed using three time histories with increasing PGA values. The dam 
is assumed to lie in zone III of the seismic zoning map as per IS1893 (I)-2002. Spectrum compatible time histories 
have been used for seismic analysis. Three time histories with increasing PGA values have been generated to 
simulate extreme conditions in case of changing seismicity over the years. Time histories were obtained from the 
PEER Ground Motion Database for magnitude range 5-7.5 and Vs30 being from 700m/s to 1500m/s (for hard rock). 
Random rubble masonry 
in lime surkhi mortar 
Lime surkhi 
concrete  
Reinforced concrete 
Foundation 
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This time history was then scaled and matched for Zone III response spectrum as per the IS1893 (I)-2002 using 
SeismoMatch V 2.1.2. Table gives the parameters of the response spectrum used. Table 4 shows the parameters used 
for spectrum generation. 
 
Fig. 3. Plot of force vs depth for hydrodynamic force on upstream face of dam 
 
Table 4.Parameters used for response spectrum generation 
Parameter Value (s) 
Zone factor (Z) 0.16 
Importance factor (I) 3 
Response reduction factor (R) 1 
Average response acceleration coefficient (Sa/g) 1+15T   (0<T<0.1);   
2.5   (0.1<T<0.4) ;  
1/T        (0.4<T<4) 
 
The static analysis results were applied as initial state stresses for time history analysis. The three time histories T1, 
T2 and T3 have PGA values of 2.37m/s2, 4.39m/s2 and 5.35m/s2 respectively for horizontal component of ground 
motion. Table 5 lists out the three cases considered. The characteristics of the time histories are as listed in Table. 
 
Table 5.Details of time histories 
Time history PGA of horizontal component (m/s2) 
T1 2.37 
T2 3.36 
T3 5.35 
5. Results and Discussions 
5.1. Free Vibration Characteristics 
Modal analysis yielded a fundamental frequency of 5.94s. The effective mass participation of the first mode is 
along the X-direction (57%) and of the second mode along the Y-direction (64%). The first five modes constitute 
98.9% cumulative mass participation and hence have been considered as the significant modes. Table 6 indicates the 
frequencies and periods for the first ten modes.  
 
Table 6.Modal frequencies and periods. 
Mode No. Frequency (Hz) Period (s) Mode No. Frequency (Hz) Period (s) 
1 5.9362 0.17 6 30.887 0.03 
2 11.314 0.09 7 35.537 0.03 
3 13.122 0.08 8 40.02 0.02 
4 21.236 0.05 9 41.799 0.02 
5 28.881 0.03 10 45.093 0.02 
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5.2 Static Analysis 
Static analysis for gravity, hydrostatic and uplift conditions has been carried out and the direct stresses obtained 
along the base of the dam at approximate intervals of 2m. Figure 4 shows a plot of direct stresses (SX, SY) along the 
base of the dam. The peaks at the heel and toe may be attributed to stress concentration. The stress values at all other 
points lie within expected range. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Direct stress variation along the base of the dam for static analysis, a) SY variation along the base of the dam, b) SX variation along 
the base of the dam 
 
 
 
5.3 Dynamic Analysis 
Dynamic time history analysis has been carried out [5]. Initial stress state has been considered with load due to 
gravity, hydrostatic pressure, uplift and hydrodynamic forces. Three analyses have been carried out, one for each 
time history.   
With increase in values of PGA, the areas of maximum stress in each material were identified. Seven critical 
nodes have been noted based on the direct tensile stress for that material. Figure 5 indicates the position of the nodes 
and Table 7 gives the stresses (SY) at each node for the corresponding material. 
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Fig. 5. Dam section showing nodes with maximum stresses 
 
Table 7. Stresses in material during seismic analysis 
Node Mat σper (Mpa) SY(Mpa) 
T1 T2 T3 
1905 RRM 0.78 4.86 6.64 9.32 
1986 LC 0.7 0.40 0.56 0.84 
1956 LC 0.7 0.32 0.32 0.45 
1352 LC 0.7 0.22 0.24 0.37 
1752 LC 0.7 0.37 0.56 0.84 
6478 LC 0.7 0.44 0.65 0.97 
13944 RC 3 1.03 1.55 2.32 
 
5.4 Discussions 
Based on the above results, the maximum stresses developing in the core are at node 6478, at the joint with the 
reinforced concrete backing. Maximum tensile stresses in random rubble masonry occur at the heel and at the toe for 
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reinforced concrete. The tensile stress values are within permissible limits for the first time history (T1) for 
reinforced concrete and exceed for rubble masonry at heel which may be attributed to stress concentration. As the 
PGA values are increased it is observed that the lime surkhi concrete core is likely to fail near nodes 1986 and 6478 
and gradually at node 1752.   
 
6. Conclusions 
Safety of existing dams is a nationally important subject. While external strengthening of dams is being carried 
out, it is imperative to study the effects it would have on the internal material. The critical regions are the heel and 
the junction of core with reinforced concrete near the toe. The study shows that for PGA values corresponding to 
Zone III, the zone of damage will be limited to the random rubble masonry near the heel of the dam. For higher PGA 
values, the core material may crack and fail near the toe at the interface with the reinforced concrete backing. The 
reinforced concrete backing is not likely to undergo tensile failure as per this study. 
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